Introduction
The levels of the heat shock protein Hsp72 are elevated in various tumors, suggesting that they provide selective advantage to cancer cells (Ciocca and Calderwood, 2005) . In line with this suggestion, Hsp72 seems to have an important function in the development of resistance to radiation and chemotherapy, which represents the main obstacle in tumor control (O'Callaghan-Sunol and Gabai, 2007) . Accordingly, Hunt et al. (2004) found that mouse fibroblasts with knockout of both mouse isoforms of Hsp72, Hsp70.1 and Hsp70.3 , have increased levels of spontaneous and radiation-induced chromosomal aberrations and suggested that Hsp72 may be involved in maintaining genomic stability. In these cells, the authors also found decreased telomerase activity and increased rate of radiation-resistant DNA synthesis apparently indicating impairment of cell-cycle checkpoints (Hunt et al., 2004) . Study by Kabakov et al. (2006) in mouse fibroblasts showed that Hsp72 may protect from radiation-induced DNA damage.
Genotoxic insults elicit complex cellular DNA damage response (DDR). The DNA damage is sensed by a class of PI3K protein kinases, ATM, ATR and DNA-PK. These kinases activate two parallel branches of DDR, including phosphorylation of a specific histone isoform (H2AX), which promotes assembly of DNA repair complexes at the damaged sites of chromosomes (see Bakkenist and Kastan, 2004; Niida and Nakanishi, 2006 for review), and phosphorylation of Chk1 and Chk2 kinases, which cause temporal cell-cycle arrest via p53/p21 and CDC25/cdk1 pathways. The Chk1/2-mediated temporal cell-cycle arrest is critical for successful completion of DNA repair (Sancar et al., 2004; Lei Li, 2005; Niida and Nakanishi, 2006) . If, however, the damage cannot be repaired, increased p53 activity can lead to permanent growth arrest (senescence) or apoptosis.
Earlier, we have shown that knockdown of Hsp72 in human tumor cell lines triggers senescence programs, leading to impairment of Chk1 activation on UVC radiation and campthotecin (Gabai et al., 2008) . Such inhibition of the Chk1 signaling resulted in inefficient S-phase checkpoint, and led to sensitization of cells to UVC radiation and campthotecin (Gabai et al., 2008) . However, we noticed that on exposure to distinct DNAdamaging agents, like g-radiation (g-IR) or doxorubicin (Dox), Chk1 was not activated and there was no suppression of cell-cycle checkpoints. Therefore, downregulation of Hsp72 must sensitize tumor cells to g-IR and Dox by a different mechanism. Here, we show that this sensitization is due to activation of the p53/p21-signaling pathway, which hampers phosphorylation of H2AX leading to the deficiency in the DNA repair system
Results

Downregulation of Hsp72 impairs phosphorylation of H2AX on various DNA-damaging stresses
Earlier, we reported that downregulation of the major heat shock protein Hsp72 promotes aneuploidy, reduces DNA repair and increases sensitivity of cancer cells to UVC irradiation or CPT (campthotecin) (Gabai et al., 2008) . Here, we investigated the basis of the observed DNA instability and sensitization of transformed cells toward genotoxic treatments. As phosphorylation of histone H2AX is implicated in the maintenance of DNA stability, and its levels strongly increase following DNA damage, we expected to find higher levels of the phosphorylated H2AX (gH2AX) in Hsp72-depleted cells exposed to genotoxic stresses. To test this possibility, HCT116 colon tumor cells were depleted of Hsp72 by shRNA using retrovirus expression vector (shHsp72) (see Materials and methods). Briefly, cells were infected with the retrovirus, and selected with puromycin for 2 days. At day 5, post-infection levels of Hsp72 were measured by immunoblotting. This approach resulted in 90-95% depletion of Hsp72 ( Figure 1a ). As control, we used cells infected with retrovirus that express unrelated shRNA that target luciferase or 'empty' shRNA vector. Both control viruses showed similar lack of effects on Hsp72 levels and on gH2AX (data not shown), so for the rest of the experiments we used 'empty' virus as a control. Unexpectedly, when shHsp72 and control HCT116 cells were UVC irradiated, or treated with CPT, accumulation of gH2AX at various time points post-exposure was strongly reduced (Figure 1b, top panel) . Therefore, Hsp72-depleted cells have defect in the gH2AX branch of DDR.
To test for the generality of the observed effects, we performed similar experiment with HeLa cervix carcinoma cells. shRNA retrovirus-mediated depletion of Hsp72 in HeLa cells (Figure 1a ; Yaglom et al., 2007) also resulted in strong suppression of H2AX phosphorylation following UVC irradiation and CPT treatment (Figure 1c, top panel) . Similarly, suppression of H2AX phosphorylation was also observed when shHsp72-HCT116 or HeLa cells were subjected to g-IR or Dox (Figures 1b and c) . For the rest of the study, we have focused on these two treatments because of their clinical relevancy, and because the checkpoint branch of DDR was not affected under these conditions (see below).
Impaired phosphorylation of gH2AX resulted in defects of DNA repair focus formation and led to sensitization of cells to g-IR and Dox treatment As phosphorylated H2AX forms foci at the sites of DNA damage, and facilitates assembly of various DNA repair complexes (see Sancar et al., 2004, Bakkenist and Kastan, 2004; Niida and Nakanishi, 2006 for review), we investigated effects of Hsp72 depletion on the formation of radiation-induced H2AX foci. Accordingly, we monitored the appearance of the radiationinduced foci at various time points post-irradiation in Hsp72-depleted HCT116 and HeLa cells using immunofluorescence. In line with the defect in phosphorylation of histone H2AX, formation of foci was significantly diminished in Hsp72-depleted cells compared with control cells infected with 'empty' vector ( Figure 1d ).
Further, we assessed whether impairment of H2AX phosphorylation affects foci formation by another major protein involved in DSB repair, MDC1 (Niida and Nakanishi, 2006) . Immunostaining with anti-MDC1 antibody revealed that, indeed, formation of radiation-induced MDC1 foci was also significantly inhibited in Hsp72-depleted HCT116 and HeLa cells (Figure 1d and data not shown).
Observed defects in gH2AX focus formation on g-IR suggested that Hsp72 depletion could increase sensitivity of cells to genotoxic insults. This possibility was tested using a standard colony-formation assay following exposure to g-IR or Dox. As shown earlier, downregulation of Hsp72 by itself reduced the colonyforming ability of HCT116 cells about threefold ; therefore, the g-IR-induced and Dox-induced loss of clonogenicity was calculated related to untreated control and shHsp72 cells. Figure 1e shows that depletion of Hsp72 significantly sensitized cells to g-IR and Dox. Indeed, sensitivity of shHsp72 cells to these genotoxic insults was 3-4 times higher than control cells, and overall there was about an order of magnitude difference in the cumulative loss of the colony-forming ability between shHsp72 and control cells exposed to g-IR or Dox (Figure 1e) . Thus, the impairment of H2AX phosphorylation, and the consequent defect in the assembly of DNA repair complexes results in significantly higher sensitivity of cells to DNAdamaging stresses.
Accumulation of the cell-cycle inhibitor p21 is involved in impairment of H2AX phosphorylation and sensitization of cells to DNA damage Earlier, we have shown that downregulation of Hsp72 triggers accumulation of cyclin-dependent kinase inhibitor, p21, through stabilization of p53 and inactivation of MDM2 . Here, we hypothesized that the p53/p21 signaling may be involved in the defect in DDR following depletion of Hsp72. Alternatively, suppression of H2AX phosphorylation could be a direct consequence of Hsp72 deficiency. To distinguish between these two possibilities, we tested whether direct stimulation of p53 pathway causes similar defect in DDR. HCT116 cells were treated with a specific chemical activator of p53, nutlin-3, which binds p53 and inhibits its interaction with the ubiquitin ligase MDM2, resulting in p53 accumulation and activation (Efeyan et al., 2007; O'Callaghan-Sunol et al., 2007; Vassilev, 2007; Gabai et al., 2008) . Following 2 days incubation with nutlin-3, cells were exposed to various doses of g-IR. As seen in Figure 2a , phosphorylation of H2AX in response to g-IR was strongly suppressed in nutlin-3-treated cells, compared with control cells. Of note, this treatment resulted in accumulation of p21 to the levels similar to levels observed with Hsp72 depletion (Figure 2a, right panel) . Apparently, direct activation of p53 was sufficient to recapitulate DDR defect observed in Hsp72-depleted cells. To investigate the role of the p53 transcriptional target p21 in this response, we expressed recombinant p21 in HCT116 Figure 1 Sensitization to g-IR and Dox is associated with impairment of g-H2AX accumulation. HCT116 or HeLa cells were infected with shHsp72 retroviruses, and briefly selected with puromycin as described in Materials and methods. Cells were exposed to DNAdamaging treatments on day 7 post-infection. 
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VL Gabai et al cells using retroviral vector. At day 4 post-infection, cells were exposed to g-IR, and H2AX phosphorylation was monitored by immunoblotting. Indeed, expression of p21 was sufficient to suppress phosphorylation of histone H2AX under these conditions ( Figure 2b ). Of note, similar effects were seen with expression of another cell-cycle inhibitor, p16 suggesting that p21 is not the only pathway that could cause the DDR defect (Supplementary Figure S1 ).
As an independent tool to show the role of p21 in inhibition of H2AX phosphorylation, and to separate this effect from the potential effect of Hsp72 depletion per se, we used prostate carcinoma PC-3 cells, which do not have p53. Earlier, we showed that downregulation of Hsp72 in these cells does not lead to accumulation of p21 . Here, PC-3 cells were infected with shHsp72 retrovirus, which led to B90% depletion of Hsp72 ( Figure 2c , right panel). When shHsp72 PC-3 cells were subjected to g-IR or treated with Dox, we did not detect any suppression of g-H2AX (Figure 2c ). In line with this, we did not observe sensitization of PC-3 cells to Dox or g-IR following knockdown of Hsp72 (Supplementary Figure S2) . Thus, it seems that downregulation of Hsp72 on its own does not lead to the DDR impairment. On the other hand, expression of recombinant p21 in these cells led to dramatic suppression of gH2AX phosphorylation in response to Dox or g-IR (Figure 2c and data not shown). These results indicate that p21 serves as critical mediator of gH2AX suppression.
Mechanism of gH2AX suppression Accumulation of the cell-cycle inhibitor p21 in Hsp72-depleted cells may lead to differences in cell-cycle progression that could account for suppression of H2AX phosphorylation in these cells. To address this question, we synchronized control and sh72 HCT116 cells in S-phase by arresting cells in mitosis by nocodazole treatment followed by release into fresh medium for 10 h as described earlier (Gabai et al., 2008) . We observed that g-IR or CPT treatment of Hsp72-depleted cultures resulted in similar inhibition of H2AX phosphorylation in unsynchronized and S-phasesynchronized cells (Figure 3a ), indicating that cell cycle does not affect suppression of gH2AX.
Next, we investigated whether defect in H2AX phosphorylation observed on genotoxic stresses could result from decreased activation of the upstream kinase, ATM, which is primarily responsible for H2AX phosphorylation on g-IR or Dox. To test this possibility, lysates of irradiated shHsp72 and control cells were immunoblotted with an antibody againstthe activated form of ATM kinase (phSer1981 ATM). As seen in Figure 3b , Hsp72 depletion did not affect the g-IRinduced ATM-Ser1981 phosphorylation in either HCT116 or HeLa cells. Furthermore, phosphorylation of distinct bona fide ATM targets, CHK2 and ser15-p53, was not impaired in either shHsp72 HCT116 or HeLa cells subjected to g-IR or Dox treatment (Figure 3c and data not shown). Thus, apparently inhibition of H2AX phosphorylation observed in Hsp72-depleted cells could not be explained by a general defect in the ATM kinase activity. Of note, we have shown earlier that Hsp72 knockdown suppressed phosphorylation of the major ATR target CHK1 following UVC irradiation or CPT (Gabai et al., 2008) . However, this pathway is apparently unrelated to this study, as in HCT116 cells neither g-IR nor Dox caused phosphorylation of CHK1, and therefore, ATR was not activated on these treatments (data not shown).
As depletion of Hsp72 did not affect the ATM activity, impairment of H2AX phosphorylation after DNA damage may result either from increased activity of gH2AX phosphatases or from reduction of total levels of H2AX. Therefore, we measured the rate of gH2AX dephosphorylation by assaying levels of gH2AX HCT116 were infected with p21-expressing retrovirus or empty vector, and exposed to g-radiation (5 Gy). (c) Knockdown of Hsp72 in PC-3 prostate carcinoma cells does not affect Doxinduced H2AX phosphorylation (top panel), whereas expression of p21 does (bottom panel). PC-3 cells were infected with shHsp72 retrovirus or p21-expressing retrovirus, selected for 4 days, and exposed to Dox (1 mM) on day 7 post-infection. Phosphorylation of H2AX was determined by immunoblotting with corresponding antibodies. Hsp72 panel shows the efficiency of Hsp72 depletion; p21 panel shows p21 expression levels.
Suppression of cH2AX by Hsp72 depletion VL Gabai et al at different time points following rapid ATP depletion of cells to stop H2AX phosphorylation. As seen in Figure 4a , the rate of gH2AX dephosphorylation was higher in shHsp72 HCT116 cells compared with control cells, indicating that activity of H2AX phosphatase(s) is increased by Hsp72 knockdown. It was reported earlier that gH2AX could be dephosphorylated by protein phosphatase 2A (PP2A) in vivo (Chowdhury et al., 2005) . To investigate the role of PP2A in the suppression of gH2AX accumulation, control and sh72 HCT16 cells were g-irradiated and then incubated for 2 h with PP2A inhibitor, okadaic acid. A seen in Figure 4b , okadaic acid partially restored H2AX phosphorylation in g-irradiated cells with Hsp72 knockdown. Of note, this treatment mildly increased accumulation of gH2AX in control cells as well (Figure 4b ), indicating that suppression of H2AX phosphorylation in Hsp72-depleted cells indeed is partially mediated by phosphatase hyperactivation.
Notably, we also observed that Hsp72 depletion led to about twofold reduction in total histone H2AX levels (Figure 3d ). However, monitoring H2AX degradation following inhibition of protein synthesis with emetine showed that H2AX stability was similar in control and sh72 HCT cells (data not shown). Q-PCR assay also did not reveal any difference in H2AX mRNA levels in shHsp72 HCT116 cells as compared with control cells (Figure 4d ), indicating that neither protein degradation nor mRNA expression are affected by depletion of Hsp72. These experiments indicate that suppression of gH2AX accumulation in Hsp72-depleted cells following DNA damage results from an increased gH2AX dephosphorylation and reduced translation of H2AX.
Hsp72 downregulation leads to hyperactivation of the p53 pathway following DNA damage To test whether the defect in DDR signaling observed in shHsp72 cells resulted in defects of DNA stability, HeLa cells were exposed to g-IR, and the extend of DNA damage immediately after exposure, and 15 or 30 min later was assayed by the single-cell electrophoresis assay (Comet assay). As seen in Figure 5a , at all observed time points, DNA damage on g-IR was higher in Hsp72-depleted cells as compared with in control cells. Similar results were obtained with g-irradiated HCT116 cells (data not shown). To further elucidate whether depletion of Hsp72 is associated with greater DNA instability, we performed micronucleus (MN) assay that evaluate the frequency of extra-nuclear chromosomal fragments induced by DNA damage that failed to incorporate into the nucleus; therefore, MN frequency correlates with genome instability. Without genotoxic stress, the frequency of MN was comparable in control and Hsp72-depleted populations. However, there was much higher occurrence of MNs in sh72 HCT116 subjected to 2Gy of g-irradiation as compared with control cells (Figure 5b) . Thus, downregulation of Hsp72 aggravates DNA damage on exposure of cells to genotoxic stresses. These data are in line with our earlier report that the number of chromosomal aberrations in Figure 3 Suppression of gH2AX in Hsp72-depleted cells is not mediated by defect in activation of ATM kinase or defect in cell-cycle progression. Hsp72 depletion and genotoxic treatments were carried out as in Figure 1 . (a) Control and sh72 HCT116 cells were arrested with nocodazole and released into drug-free medium for 10 h. Synchronized cells were exposed to g-radiation, or treated with CPT; phosphorylation of H2AX was assayed by immunoblotting with corresponding antibodies at indicated time points. (b, c) ATM/ CHK2/p53 signaling is not affected by the Hsp72 knockdown. HeLa or HCT116 cells were exposed to g-radiation and levels of phATM, phCHK2 and phospho ser15-p53 were determined by immunoblotting with corresponding antibodies.
Hsp72-depleted cells is higher than in control cells (Gabai et al., 2008) . It also agrees well with the reports that knockout of H2AX increased cell sensitivity to radiation by suppressing DNA repair (Lou et al., 2006; Bonner et al., 2008) .
Activation of p53 pathway closely follows appearance of DNA damage; therefore, hyperactivation of p53 following genotoxic stress can serve as an independent indicator of the DNA damage augmentation in cells with downregulation of Hsp72. Accordingly, we compared levels of p53 and p21 in Hsp72-depleted HCT116 cells following Dox or g-IR treatments. As seen in Figures 5c and d , on these treatments, the levels of both p53 and p21 proteins were higher in Hsp72-depleted cells than in control cells. Furthermore, stability of p53 also increased significantly in shHsp72 cells compared with control cells. In fact, g-IR of control cells led to about twofold stabilization of p53, resulting in the halflife B50 min, whereas about fourfold stabilization of p53 was observed on g-IR of shHsp72 cells, where the half-life of p53 became longer than 3 h (Figure 5e ). (Of note, as reported earlier, depletion of Hsp72 on its own led to a moderate stabilization of p53; Yaglom et al., 2007) .
Stabilization of p53 after DNA damage is often associated with destabilization of MDM2 (Stommel and Wahl, 2004) . Accordingly, we observed that on g-IR MDM2 stability decreased much stronger in Hsp72-depleted cells compared with control cells (Figure 5f ). These observations indicate that while gH2AX is suppressed in shHsp72 cells, these cells experience higher extend of DNA damage, and stronger activation of the p53 pathway following genotoxic treatments.
Activation of the p53 pathway can lead to apoptosis, or trigger growth arrest and senescence. As Hsp72 has well-known anti-apoptotic effects, we assessed whether sensitization of cells to radiation and Dox observed on knockdown of Hsp72 results from aggravation of apoptosis. In fact, Hsp72-depleted HCT116 cells treated with high doses of Dox (1 mM for 24 h), showed higher levels of apoptosis (assessed by PARP cleavage) as compared with control cells (Supplementary Figure S3) . However, neither clinically relevant doses of radiation (2-8 Gy), nor low doses of Dox (50-200 nM), used in our clonogenic experiments (see Figure 1e) , caused significant apoptosis in Hsp72-depleted or control cells at 24-72 h after the treatments (Supplementary Figure S3) . Alternatively, p53 overactivation could cause growth arrest. Therefore, we investigated whether Hsp72 depletion augments the DNA damage-mediated growth arrest. Usually, g-IR causes p53-dependent double G1/ G2 growth arrest, which could be temporal or become permanent depending on the radiation dose and cell type. To investigate the effect of Hsp72 downregulation on g-IR-induced growth arrest, control and shHsp72 HCT116 cells were subjected to 1 Gy of g-IR, and 48 h later treated with nocodazole for 12 h to trap cells that reached mitosis. In this assay, mitotic cells are easily distinguished from the rest of the population by the rounded morphology. Under these conditions, about 50% of naive-irradiated cells reached mitosis, indicating that these cells undergo minor growth arrest. However, Figure 4 Suppression of gH2AX in Hsp72-depleted cells is mediated by increased phosphatase activity and decreased H2AX expression levels. Hsp72 depletion and genotoxic treatments were carried out as in Figure 1 (a, b) . Suppression of gH2AX accumulation is due to overactivation of phosphatases. (a) The rate of g-H2AX dephosphorylation is higher in Hsp72-depleted cells. HCT116 cells were exposed to g-radiation, further phosphorylation was prevented by rapid ATP-depletion, and the rate of g-H2AX dephosphorylation was assayed as described in Materials and methods. Quantification of three independent experiments. Points, means; bars, s.e. (b) Inhibition of phosphatases with okadaic acid (OA) increased gH2AX levels. Control and sh72 HCT116 cells were subjected to 2GY g-IR and then incubated for 1 h with or without OA. Quantification of three independent experiments. Bars, s.e. Suppression of cH2AX by Hsp72 depletion VL Gabai et al much stronger cell-cycle arrest was seen in irradiated Hsp72-depleted cells where only 15% of cells showed rounded mitotic morphology (Figure 6a) . In a similar mitotic trap experiment, control and Hsp72-depleted HCT116 cells were treated with Dox. Alike g-IR, we observed significant reduction in the number of rounded mitotic cells in Hsp72-depleted culture compared with control cells (Figure 6b) . As an independent measure of the mitotic population, we looked for accumulation of the mitotic marker phospho-Ser10-Histone H3 (ph-H3). As seen in Figure 6c , nocodazole treatment led to a dramatic increase in the levels of ph-His3 in untreated control and shHsp72 cells, indicating that most of these cells successfully reached mitosis. Pretreatment of control cells with either Dox or g-IR resulted in reduced levels of ph-H3, indicating that a higher fraction of cells have not entered mitosis. Importantly, significantly lower levels of ph-H3 were seen in the nocodazole-trapped shHsp72 cells than in control cells (Figure 6c) . Therefore, Hsp72 depletion dramatically exacerbated the cell-cycle arrest caused by Dox or g-IR. and MN assay performed as described in Materials and methods. MN frequency was calculated on scoring 300 binucleated cells. Quantification of three independent experiments is shown. Bars, s.e. (c) Hsp72 downregulation increases Dox-induced p53 levels. Control and Hsp72-depleted cells were treated with Dox (100 nM, for 24 h) and levels of p53 were determined by immunoblotting with corresponding antibodies. (d) Hsp72 downregulation increases Dox-and g-IR-induced p21 levels. HCT116 cells were treated with Dox (100 nM) or g-IR (5 Gy), and the levels of p21 were determined 24 h later by immunoblotting with the corresponding antibody. (e, f) Downregulation of Hsp72 stabilizes p53 and destabilizes MDM2 after g-radiation. Cells were irradiated with 5 Gy and stabilities of p53 and MDM2 were determined 2 h later after chase with emetine (10 mM). Points, means; bars, s.e.
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Next, we tested whether stronger inhibition of cellcycle progression observed in shHsp72 cells subjected to mild genotoxic treatment reflects that these cells are prone to development of senescence. We found that compared with control population, in Hsp72-depleted cells, there was a significantly higher fraction of senescent cells, that is, enlarged, flattened and b-galactosidase-positive, 3-6 days after Dox or g-IR treatments (Figure 6d and data not shown) . Thus, at day 6 post-g-IR, the fraction of senescent cells in control population was 50%, whereas in shHsp72 cells, this population reached almost 100%. Therefore, Hsp72 depletion potentiates cell's senescence following treatment with DNA-damaging agents.
Positive feedback loop in regulation of senescence following DNA damage So far, we have found that overactivation of p53 and subsequent accumulation of p21 leads to suppression of gH2AX accumulation following genotoxic stresses (Figure 2) . In turn, impediment of gH2AX accumulation can enhance DNA damage under these conditions. If downregulation of gH2AX and subsequent stronger DNA damage causes stronger activation of p53, this will establish a positive feedback loop, where hyperactivation of p53 leads to suppression of gH2AX, and this suppression of gH2AX leads to hyperactivation of p53. We have already shown the effect of p53 activation on gH2AX (see Figure 2a) . Now, to test for the existence of the feedback loop, we evaluated whether the suppression of H2AX phosphorylation is in fact sufficient for hyperactivation of p53 pathway on exposure to genotoxic insults. Specifically, we sought to downregulate gH2AX to the extent observed on activation of the p53 pathway following depletion of Hsp72. As suppression of gH2AX was partially due to decrease in total levels of H2AX (Figure 4c) , we decided to downregulate H2AX using shRNA approach. Accordingly, we tested a panel of shH2AX retroviruses and chose a retrovirus that provided about 50% downregulation of H2AX, similar to decrease in levels of H2AX seen in Hsp72-depleted cells (Figure 7a ). HCT116 cells were infected with this shH2AX retrovirus or control 'empty' retrovirus, selected with puromycin for 2 days, and treated with Dox. As seen in Figure 7b , Dox treatment resulted in significantly stronger accumulation of p53 and p21 in H2AX-depleted cells compared with control cells. Noteworthy, the degree of p21 induction in response to Dox in cells infected with shH2AX was similar to that seen in cells infected with shHsp72 (Figure 7b ). Thus, in fact, downregulation of H2AX leads to stimulation of p53 pathway and accumulation of p21. On the other hand, when we overexpressed H2AX in Hsp72-depleted These results indicate that there is a positive feedback loop operating in cells, where activation of the p53/p21 pathway results in suppression of H2AX phosphorylation and subsequent defect in DNA repair, which in turn leads to activation of p53 and accumulation of p21 (Figure 7d ). Such positive feedback loop may serve as a safeguard mechanism that promote hyperactivation of p53/p21 pathway in cells that experience DNA damage or have defective DDR ensuring that cells will either stay trapped in senescence instead of progressing into transformed state.
Discussion
Hsp72 is often overexpressed in tumor cells and protect them from noxious factors of microenviroment and anticancer treatments. Earlier studies from numerous laboratories showed that, besides functioning as molecular chaperones, Hsp72 has a distinct function in modulation of signal transduction by suppressing apoptotic cascades at different levels. The anti-apoptotic activities of Hsp72 are commonly regarded as their major functions in tumorigenesis and chemoresistanceand radioresistance of cancer cells. In addition, we recently unravel novel function of Hsp72 in suppression of senescence. In fact, in most epithelial cancers, its knockdown activates senescence programs . On the other hand, normal epithelial cells (for example breast or prostate) are resistant to Hsp72 knockdown .
Importantly, knockdown of Hsp72 causes bona fide senescence only in a fraction of cancer cells (about 30-40%), whereas the remaining cells continue to divide, albeit slowly . These cells are nevertheless distinct from normal cells, as they are enlarged, vacuolized, and can be easily pushed into senescence by mild oxidative stress and Dox . In line with this observation, treatment of these semi-senescent cells with Dox or g-IR was associated with impaired H2AX phosphorylation, higher DNA damage and, as a result, hyperactivation of the p53-p21 pathway1, culminating in the irreversible growth arrest (senescence).
The effect of Hsp72 depletion on H2AX signaling was clearly associated with activation of the p53/p21 pathway. Accordingly, in PC-3 prostate tumor cells where Hsp72 knockdown does not activate this pathway, no suppression of H2AX phosphorylation was seen, and cells were not sensitized to the genotoxic insults (Figures 2c; Supplementary Figure S2 ). On the other hand, bypassing the block in the activation of senescence programs in PC-3 cells by expression of p21 caused strong suppression of gH2AX ( Figure 2C ). Furthermore, stabilization and activation of p53 by treatment with nutlin-3, a drug disrupting MDM2-p53 interaction (Vassilev, 2007) , was sufficient for suppression of H2AX phosphorylation (Figure 2a ). Of note, this drug was shown earlier to enhance sensitivity of tumor cells to radiation and Dox (Cao et al., 2006; Efeyan et al., 2007) . We suggest that these effects of nutlin-3 may be associated, at least partially, with suppression of H2AX phosphorylation.
Importantly, activation of the p53 pathway triggered by Hsp72 depletion impaired specifically only one branch of the DDR, that is, phosphorylation of H2AX and assembly of g-IR-induced foci, while leaving intact another branch, that is, activation of CHK2 and p53. As a result, cells retained a checkpoint response and did not undergo mitotic catastrophe as was the case with Hsp72-depleted cells with impaired Chk1 activation on UVC irradiation (Gabai et al., 2008) . Furthermore, the impairment of the H2AX/MDC1 pathway in Hsp72-depleted cells apparently led to enhanced DNA instability as was manifested by higher levels of mucronuclei in g-irradiated cells (Figure 5b) . Noteworthy, as the ATM/CHK2/p53 pathway remains intact in shHsp72 cells, increased DNA instability on mild genotoxic stresses led to hyperactivation of the p53/p21 pathway, causing irreversible growth arrest and senescence. Therefore, our data uncovered positive feedback loop where suppression of the H2AX pathway leads to higher DNA damage and activation of p53/p21, which in turn, inhibits H2AX even more (Figure 7d ). Indeed, as we found, downregulation of H2AX led to higher accumulation of p21, whereas overexpression of p21 inactivates H2AX phosphorylation and promotes DNA instability. Elucidation of fine mechanisms of this positive feedback loop may be important for increasing the efficacy of fractionated radiotherapy of solid tumors with intact p53 pathway.
Next important question is whether impairment of H2AX phosphorylation in tumor cells that were pushed into senescence occurs in normal cells during aging. At first glance, this seems to contradict numerous observations that normal cells (for example fibroblasts) accumulate gH2AX foci during replicative senescence; moreover, similar foci also accumulate in various tissues of aging mice (Sedelnikova et al., 2004) . However, although in fact senescent cells may have higher background level of gH2AX, they form significantly fewer foci in response to g-radiation . Furthermore, it is well known that DNA repair, including DSB repair, deteriorates with aging (Gorbunova et al., 2007) . We suggest that at least partially this deterioration can be associated with inability of senescent cells to phosphorylate H2AX and form foci.
gH2AX focus formation is commonly regarded as sensitive and reliable assay for the presence of DSB. Here, we show that tumor cells with lower levels of gH2AX foci have more DNA damage and actually are more sensitive to radiation. Our observations are consistent with two earlier published reports, which showed that decreased levels of gH2AX focus formation were associated with increased DNA damage (established by comet assay) and radio sensitization. In the first study, inactivation of SWI/SNF complexes impaired induction of gH2AX foci, but not pATM foci (Park et al., 2006) . In the second study, inhibition of H2AX, but not ATM phosphorylation associated with genome instability and radio sensitization was observed in Sirt1 knockout cells and mice (Wang et al., 2008) . Therefore, suppression of gH2AX focus formation (for example by knockdown of Hsp72) may be considered as a new avenue for finding drugs to combat radioresistance and chemoresistance of tumors.
Materials and methods
Cell cultures, treatments and reagents HEK293, HCT116 and PC-3 cells were from American Type Culture Collection; HeLa cells were a kind gift of Dr M Borelli. HEK293 and HeLa cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS); HCT116 cells were grown in McCoy5A medium with 10% FBS; PC-3 were grown in RPMI-1640 supplemented with 10% FBS.
g-IR of cells was performed using
